Introduction
During the last few years, the interest in supercritical fluid extraction (SFE) has grown tremendously. Although extraction with supercritical fluids is not new, the possibilities of SFE for selective extraction of organic solutes from solid mamces has only recently been discovered for analytical sample preparation l1 -3] .
The availability of commercial SFC and SFE instrumentation and the need for selective off-and on-line coupled sample preparation techniques have catalyzed the development of SFE.
Due to the interesting physical properties of supercritical fluids, SFE is a promising alternative to classical solid-liquid exu'action. Reduced extraction time, mild extraction temperatures and reduced solvent consumption are considered important advantages of supercritical fluids as extraction medium. In our experience however, the possibilities of selective extraction and fractionation are the main advantages of SFE over classical solid-liquid extractions. These nonselective extractions (Soxhlet, ultrason extraction, reflux ...) are easy to perform, but in most cases additional sample clean-up or fractionation is required in order to isolate the compounds of interest from co-extracted matrix compounds. In environmental analysis the analyst is often confronted with very "dirty" extracts that require complex * Dedicated to Prof. Dr. Ernst F. G. Klesper on the occasion of his 65th birthday Correspondence to: P. Sandra clean-up and fractionation procedures. This is not only timeconsuming but an important source of analytical error. Selective extraction that can be followed immediately by chromatographic analysis becomes incrasingly important in routine analysis of environmental samples.
Analysis of micropollutants is one of the most important application fields for SFE. Recent literature describes the successful extraction of different classes of compounds from different types of matrices [ 2 -3] resulting in a very enthusiastic introduction of routine SFE in many laboratories. Most of the published data however were obtained on spiked samples. Applied to real contaminated samples, SFE was found to be much more difficult, and there is a need for method development in SFE.
Supercritical fluid extraction of organiccompounds from solid mamces generally depends on three factors: the solubility of the solute in the supercritical fluid, the diffusion of the supercritical fluid into the matrix and the solute:matrix interactions.
On analyzing spiked samples, only the first factor is considered. Since the solute is adsorbed on the surface of the sample, no problems are encountered related to diffusion and solute-matrix interactions. For reaI samples, on the other hand, the solute-matrix interactions are most important and matrix manipulation is often needed to obtain high recovery for the solutes. Characterization of both solutes and matrix are necessary.
Optimization of SFE conditions for real samples should result in quantitative and selective extraction.
In this contribution, the applicability of SFE for the enrichment of different contaminants from real environmental samples has been evaluated. The quantitative results are compared to certified values or tO data obtained by classical sample preparation techniques. The extraction of PCBs from different matrices is used as an example of method development in SFE. Other examples illustrate the importance of both the solubility factor and the matrix-solute interactions.
Experimental
Optimization of SFE conditions was initially carried out on a home-assembled system, consisting of a Carlo Erba 48O " i00 ~tl methanol modifier was added b 100 gl 0.1 mol/1 NH,C1 was added Phoenix 20 syringe pump, a Carlo Erba Mega GC for thermostating the extraction cell, a linear fixed restrictor, and a solvent trap. Details on the system have been described elsewhere [4] . Optimized SFE extractions were performed on a Hewlett Packard H P 7680 SF extractor. This fully automated system includes a self sealing extraction cell and a variable restrictor which allows independent control of flow and pressure. This restrictor reduces the risk of plugging when large quantities are extracted and provides an instantaneous pressure drop as the supercritical fluid exits the nozzle. The extracted compounds are collected in a solid phase trap (30 gm ODS material) which is flushed by solvent after completion of the extraction. The extract is collected in a 2 ml vial.
In all applications described, only pure carbon dioxide (SFE/SFC grade CO2 for E C D detection, Air Products) was used as supercritical fluid: This high purity CO2 was needed if the extracts are analyzed by capillary GC-ECD. For some applications, modifier was added onto the sample before closing the extraction thimble.
Results and discussion
A successful application of SFE is the extraction of PCBs from different matrices [5, 6] . The first step in the development of an SEE method 4s t h e determination of the supercritical fluid conditions whereby the analytes can be solubilized in the extraction medium. For this purpose, PCB standards were spiked On a blank sediment sample. An ali-quot (500 mg) of the sediment was extracted under different SFE conditions using the home-assembled extractor. The extracts were analyzed by G C -E C D and the recoveries were calculated ( Table 1) . From the data, it is clear that PCBs are well soluble in CO2 if the density is higher than 0.7 g/ml. An extraction at 60°C and 20 MPa (density = 0.72 g/ml) for 30 rain, for instance, gives a nearly quantitative extraction. Table I , also shows that other conditions can be used to obtain high recoveries (40°C and 15 MPa; 50°C and 15 MPa), but the density must be higher than 0.7 g/ml. I Another important parameter is the extraction time. Extraction for 15 min is not quantitative: Complete recovery is only reached after 30 min.
These successful extraction conditions for the spiked sample were then applied to a certified sewage sludge sample (CRM 392, BCR, Brussels, Belgium). The quantitative r esults obtained using the home-assembled system are compared to the certified values in Table 2 . It is obvious that the extraction was not successful. The mean recovery for the PCBs is only 30% relative to the certified values. Moreover, there is a discrimination against PCBs with high degree of chlorination (PCB 138, PCB 180), for which only 10% is extracted. Extractions at higher density (0.83 -0 . 8 4 g/ml) or at higher extraction chamber temperature did not result in higher recoveries. The "addition of modifiers in the thimble before extraction had no positive effect on solute recovery.
This example clearly illustrates that supercritical fluid extraction conditions successfully applied to spiked samples; cannot be transferred to real samples. In real samples, there is a fixation effect of the solutes into the matrix. The influence of the following parameters was studied: extraction chamber temperature, supercritical fluid density, supercritical fluid flow, sample volume and extraction time. The results'can be summarized as follows:
At constant density, there is only a small influence of the temperature on the extraction efficiency. An extraction chamber temperature of 60 ° C was found to be optimal.
-At constant temperature and flow rate, no significant improvement in PCB recovery was measured using densities higher than 0.75 gj ml. Moreover the use of very high densities leads to co-extraction of other matrix compounds that disturb the analysis. Selectivity is lost under these conditions. -The most significant influence was noted for the supercritical fluid flow rate. On the home-assembled system, using a linear fixed restrictor, the flow of carbon dioxide measured at the restrictor outlet was 10 ml min. With the HP 7680 supercritical fluid extractor, the flow of carbon dioxide, measured at the exit of the solid phase trap, is 500 ml rain for the conditions used (60°C, 0.75 g/ml, 1 ml/ min SF flow). This high flow rate results in a much better extraction of the solutes.
The influence of the sample volume and the extraction time was very important for the SRM 1939 sample. This is probably due to the fact that the concentration of PCBs is very high in this sample (ppm range). When 100 mg sample is extracted, a quantitative recovery is obtained after 50 min dynamic extraction (Fig. 1) . For a i g sample, the extraction was still not quantitative after 120 min dynamic extraction. There seems to be a saturation effect of PCBs in CO2.
After optimization of all SFE parameters, it was possible to obtain much better quantitative results on both certified samples. The results are summarized in Table 3 . For the SRM 1939, good values are obtained for PCBs 52, 101,118, 138 and 180. For the early eluting PCBs 26 and 28 (+31), lower recoveries are measured. Due to the very high concentrations of these compounds in the sample, a saturation effect might be the reason for the lower recovery. A comparison between the chromatograms obtained for an ultrasonic extract and the SFE extract is given in Fig. 2 . There is a very good correspondence between both chromatograms. In the chromatogram of the ultrasonic extract more peaks of coextracted compounds arel observed.
For the CRM 392 sample, good quantitative.results are obtained for PCBs 28.153 and 180. For the PCB 52, a higher value was measured• Co-elution with another PCB congener could be the reason. For PCBs 101 and 118, the rec0veries were 85% and 67%, respectively.
The results obtained by SFE for the extraction of PCBs from a sediment and a sludge sample using pure CO2 as extraction fluid are very similar to data originating from classical sample preparation techniques. SFE can thus be used as an alternative tO the classical solid-liquid extractions. In particular the fact that the supercritical fluid extracts were analyzed without any further clean-up makes SFE quite attractive for routine analysis.
Recently the extraction of PC Bs from sediment samples using modified CO2 and CHCIF2 :was described [7] . Complete extraction could be achieved in a short extraction time. When using modified' carbon dioXide, more matrix compounds were found to be co-extracted, disturbing the analysis. Therefore a compromise must be reached =in order to obtain good quantitative results (sufficient recovery) while maintaining the selectivity ofithe extraction Supe~crmcal flmd extraction of PCBs was also apphed to matrices contmmng high concentrations of fat: When Soxhlet extraction is used, all fat material is co-'extracted An example of the direct analysis of a supercritical fluid extract of a sea-gull egg is given in Fig. 3 .
Supercritical fluid extraction was also applied for the quantitative analysis of PCBs in milk powder evaluated as a certified reference sample. The chromatogram of the GC-MS analysis of the extract is given in Fig. 4 . The PCB con- geners can easily be measured. The quantitative results are given in Table 4 . There is a good agreement between the values obtained by SFE and by the classical sample preparation method. Only for PCB 52 there is an important deviation measured. The total time for extraction and analysis was only 60 min. The examples clearly illustrate that SFE can be used as selective extraction method. Supercritical fluid extraction was also successfully applied for the analysis of organochlorine pesticides in contaminated soil. This example illustrates the importance of matrix-sohite interactions. If the sediment is extracted by ultrasonic treatment, 3 organochlorine pesticides were determined: lindane dieldrin and endrin (Fig. 5a ). Using supercritical fluid extraction with pure carbon dioxide at conditions whereby organochlorine pesticides spiked on sediment could be extracted (60°C -35 MPa -30 rain), the recovery of the organochlorine pesticides, relative to the ultrasonic extract, was low ( Fig. 5 b) . After addition of 250 gl methanol to the 250 mg sample, (modifier added to thimble before extraction), the extraction performed under the same conditions was successful (Fig. 5e ). Methanol was apparently able to break the solute-matrix interactions Supercritical fluid extraction, using pure carbon dioxide, was also applied to the extraction of polyaromatic hydrocarbons. In this case, it was not possible to achieve complete recoveries, neither on spiked samples, nor on real samples. The problem is not only related to matrix-solute interactions, but also to an insufficient solubility of PAHs in supercritieal carbon dioxide. An important discrimination was noted against the higher molecular weight compounds. For spiked samples, the recovery is 100% for fluoranthene and pyrene, but only 80% for benzo(k)fluoranthene and 6 0 -6 5 % for benzo(a)pyrene, indeno (1,2,3-cd) pyrene and benzo-(ghi)perylene. Recently the extraction of PAHs using CO2 modified with CHCIF2 was described [7, 8] ; this resulted in higher recoveries. Probably these extraction media are needed for successful extraction of PAHs for solubility reasons.
The use of supercritical fluids for the extraction of solutes from the environmental matrices can also be extended to the analysis of more polar solutes. The analysis of triazines [9] , chlorophenols [l 0, 11], phenols [12] , polar pesticides [12] and detergents [13] have been described.
In all these applications, polar modifiers or even derivatization reagents, are used in order to solubilize the solutes in the carbon dioxide and/or to reduce the matrixsolute interactions. An example of the extraction of an anionic detergent (linear alkylsulfonates) from a water treatment plant sludge is given in Fig. 6 . After the introduction of the sludge in the cartridge, PC15 was added to the sample and the extraction was performed at 80°C and 0.8 g/ml during 30 rain. The derivatization of anionic solutes into their chlorosulfonated derivatives is performed during extraction. The extract was subsequently analyzed by GCatomic emission detection, monitoring the sulfur line at 181 nm. In this way, a fast and selective screening of linear alkylsulfonates in sludge is possible.
Conclusion
Supercritical fluid extraction can be used as a selective extraction technique for the analysis of many environmental contaminants. SFE conditions determined on spiked samples should be re-checked and optimized for real contaminated samples. Matrix-solute interactions have to be taken into considerations. Optimization of SFE conditions should be carried out without losing the selectivity of the extraction.
